Abstract-This paper presents the transmission line analysis, thermal and structural analysis of a multi-section coaxial coupler (MSCC) used in traveling-wave tubes (TWTs) to handle high average power over a wide frequency range. Power transmission through coupler from the device demands very good matching between load and source impedances such that low voltage standing wave ratio (VSWR) is achieved. Modeling of the MSCC for wideband TWTs in commercially software packages takes very long iteration time even in high-end computers. An analytical approach has been developed to model MSCC which takes less iteration time even in ordinary computer. Analytical results have been compared to those obtained from CST microwave studio. Finally, thermal and structural analysis has been carried out to study the thermal aspects for handling high average RF power.
INTRODUCTION
Coaxial couplers are used in traveling-wave tubes (TWTs) to feed and extract RF power into and from interaction structure/slow wave structure (SWS) respectively [1] [2] [3] [4] [5] . However, output coupler has to handle medium to high average power, hence, there must be minimum reflection of RF power so that heat load may also be minimized. Coaxial couplers are suitably modeled to achieve better return loss and voltage standing wave ratio (VSWR) or to minimize reflection of RF signals, by transforming frequency dependent characteristic impedance (Z 0 ) of helix [6] to standard connectors (Z L ). For transformation of source impedance (Z 0 ) to load (Z L ), coaxial line is broken into quarter wave and further sub-quarter wave transformers through proper impedance matching, so that reflection from individual transformer is minimized. For modeling or analysis of MSCC [7] [8] [9] , different commercially available software packages, namely, CST microwave studio [10] and HFSS [11] , take very long time and use fixed Z L . But, Z L varies from connector to connector due to fabrication tolerances, and it affects S-parameters of the coupler. To analyze MSCC, an analytical model, based on reflection approach [8] , has been developed to predict S-parameters by transforming frequency dependent Z 0 to Z L and also by minimizing reflections from each quarter wave transformer, and results can be obtained in few minutes.
For proper transformation of Z 0 to Z L , the center conductor of the coupler is broken into quarterwave to sub-quarter wave transformer, hence so called MSCC. For high gain TWTs (> 55 dB), reflection of RF signal must be minimized from each transformer so that adequate VSWR or S-parameters are obtained. Reflection of RF signal causes back-and-fourth oscillation in the TWT, generates heat at the helix to coupler joint and finally leads the TWT into destruction.
MSCC, realized with center conductor -comparable to wavelength, outer conductor, window ceramic disk, etc., (Figure 1 ), has to incorporate high vacuum inside the TWT and also has to handle medium to high average RF power. However, conductor loss (ohmic loss) of center conductor, in addition to dielectric loss, restricts average power handling capability of coupler. Under hot condition (during extraction of high power), thermal load, structural deformation, stresses at different braze joints are important key parameters to study. Fabrication tolerances of coupler components enhance impedance mismatch causing power loss in the coupler which in turn increases thermal load. The increase in thermal load acts on thermal expansion, deformation of constituent components and also enhances stress at different braze joints, which finally add to the impedance mismatch. Hence, thermal and structural analyses of coaxial coupler are also important [4] .
In this paper the authors present transmission line analysis and thermal analysis of a wideband coaxial coupler for high average power (∼200 W) application. The dimensions of the constituent elements of coaxial coupler have been modeled analytically and then verified with CST. Here, it is shown that if dimensions (b/a) of any transformer are deviated from the optimized value, reflection (Γ) from each transformer is affected and finally VSWR. Thus, this model helps to optimize coaxial couplers for any application over any desired frequency range by optimizing dimensions of each transformer. This model includes effect of window disc material properties, dimensions, in addition to generalized 'n' number of transformers and also takes less iteration cycle in ordinary computer. Thermal and structural analysis helps to decide power handling capability of the coupler and thermal management issues of the window disc.
ANALYSIS
To analyze the MSCC, reflection approach has been used to predict reflections from each section of the quarter wave transformer and has been optimized by varying b/a of each transformer ('b' is the inner radius of the outer conductor and 'a' the outer radius of the inner conductor) by proper impedance matching of successive transformer. For proper matching of the MSCC with the helix, it has been broken into quarter-wave transformer which is further broken into sub-quarter wave transformer so that minimum reflection occurs ( Figure 2) . Thus, the reflection coefficient of N th section can be given as [8] :
with Z 1 (for p = 1) is the impedances of the first electrical sections of length θ 1 = βl 1 and for
Z L is the load impedance equals to the impedances of the N th electrical sections of length θ N = βl N with l the physical length of the transformer and β (= 2π/λ) propagation constant. Thus, from (1), the reflection coefficient of the last section can be given as:
Hence, using (1) and (2), the total reflection coefficient, the sum of the first-order reflected waves only, can be given as [8] :
Thus, total reflection coefficient from the MSCC can be predicted using Equation (3), and hence, the return loss/VSWR can be obtained for any coaxial coupler over any frequency range using (4)- (5). Using the analytical Expressions (1) to (5), a computer code has been developed in MATLAB to predict the S parameters, namely VSWR and return loss (RL). Attempts have been made to generalize the programme to consider 1) frequency dependent helix characteristic impedance for any structure, 2) variation of connector impedance, 3) 'n' numbers of transformers, and 4) shape, size and material property of the window disc.
THERMAL ANALYSIS
In the thermal model (Figure 3) , input boundary conditions are the heat load, and thermal conductance are given in Tables 1 and 2 , respectively. Heat load on the ceramic window is the power loss -sum of power loss due to mismatch of impedance, conductor loss, dielectric loss, etc. Also, another thermal source of the coupler is the conducted heat from the helical structure, arising due to helix interception current. In the present study, helix temperature is ∼135 • C arising due to 2 mA interception current operating at 6 kV, obtained from thermal analysis in ANSYS. Temperature distributions at different structure regions, structural deformation and stress at different joints have been studied.
RESULTS AND DISCUSSION
Transmission line analysis and thermal analysis of a MSCC (Figures 1-3 ) has been carried out for wideband application. To validate the analytical results structure dimensions are chosen from an existing Ku band TWT. Analytical results have been validated with CST Microwave Studio, and finally thermal and structural analysis have been carried out for structural integrity due to medium to high power propagation.
The characteristic impedance of the helix SWS (Z 0 ) has wide range of variation over the frequency (Figure 4 ) and needs to be transformed to the standard connector impedance (Z L ) to achieve proper matching of impedances which is quantified in terms of S parameters or VSWR. Thus, to make a tradeoff between high impedance at lower frequency and low impedance at high frequency, optimization of b/a for each transformer is very important and needs several iteration. Moreover, due to high power (∼200 W CW) propagation heat load of the coupler deforms cold structure dimensions of the constituent elements which demands for thermal and structural analysis before optimizing cold b/a of transformers.
Based on the analytical model ( Figure 2 ), a MSCC of five transformers have been suitably modeled optimizing b n /a n ratio (n = 1, 2, . . . , 5) to get suitable VSWR ( Figure 5 ).
It can be seen from Figure 7 that with the variation of connector, VSWR varies. This is because the variation of impedance (Z L ) mismatch of transformers occurs. Hence, one may need to optimize b n /a n such that impedance of the first section agrees with connector impedance. The window disc material plays several rolls in designing MSCC for TWTs, namely, optimization of S-parameter, to incorporate vacuum, thermal management, etc. Dimension and material property (permittivity) of the window disc affect VSWR of the coupler (Figure 8) . Here, study has been done for two window disc materials, namely, alumina (ε r = 9.0) and CVD diamond (ε r = 5.6). From the Figure 8 , it can be seen that with the variation of permittivity of the window disc, keeping thickness (0.9 mm) and diameter (6.3 mm) constant, VSWR improves with increase in permittivity (alumina) at lower frequency, and the effect is reverse at higher frequency. Thus there is a tradeoff in selecting window disc material, but aluminum is a suitable choice for cost effectiveness and analytical results with alumina window disc have also been verified with CST microwave studio ( Figure 9 ). It can be seen (Figure 9 ) that the two results agree closely. It can be seen from Figure 9 that there is a dip at Effect of connector (Z L ) on VSWR (dimensions are depicted in Figure 5 corresponding to solid line). ∼13 GHz and minor shift in frequency. This is because helix is a non-resonant structure, but due to variation of helix pitch, small amount of resonance occurs. The discrepancy in result may be due to analytical programme uses characteristic impedance of helix and CST uses wave impedance. Thermal and structural analysis of the coupler has been carried out in ANSYS with respect to its thermal management. Due to thermal load in the coupler, temperature distributions at different regions are shown in Figure 3 . The boundary conditions used in the simulation are given in Tables 1  and 2 , and the properties of different materials used in simulation are given in Table 3 . Temperature distribution and structural properties of the MSCC are tabulated in Table 4 . It can be seen from Table 4 that maximum temperature is reached in the center conductor and gradually decreases outward. Heat dissipation from center conductor takes place through ceramic window. MSCC assembly is very delicate and has several brazing joints. Due to non-uniform temperature distribution in the MSCC, expansion of different parts and stress developed at different brazing joints has been studied and presented in Tables 4-5 . Thermal and structural analysis of the coupler with diamond disc has been carried out and results are tabulated in Table 5 . It can be seen from Tables 5 that heat dissipation is faster in diamond window disc. Structural deformations and stress developed at different brazing joints are less for diamond window disc, and hence, diamond is a better choice for designing of coupler. However, due to cost effectiveness, alumina disk is an alternative choice for low to medium power applications.
CONCLUSION
MSCC is capable of handling high power propagation. However, it needs proper matching of both source and load impedances to avoid multiple reflections which is very tedious and takes several iteration cycles, and commercial software packages take very long time for each iteration cycle. This motivated to develop an analytical model to reduce iteration cycle. The analytical model developed based on reflection approach that is minimization of reflection from quarter-wave transformer through impedance matching. The analytical model agrees closely with CST microwave studio simulated results and takes considerably less iteration time than commercial packages. Moreover, this two-dimensional analytical model is more general and easy to understand and may find potential application in designing coaxial couplers for vacuum devices in the first hand. Thermal and structural analysis of the coupler increases the potential of the analysis as it shows effect of thermal loading on these behaviors. Thermal analysis shows the benefits of CVD diamond over alumina; however, the former is more cost effective.
